The present work focuses on the analysis of nuclear reactions that can occur in a cyclotron for the generation of radionuclides compliant with the restrictions necessary for medical use in a PET. These radionuclides ought to meet some features, such as being positron emitters and having a half-life as short as possible, considering the times of processing and administration of the radiopharmaceutical. The radionuclides studied, 61 Cu, 64 Cu and 68 Ga, meet these conditions. A commercial cyclotron has been modelled with an energy of 18 MeV for protons. Several simulations have been carried out with the model, using different materials as a target. The model validation has been done comparing results with experimental data from the literature.
Introduction
Currently, Positron emission tomography (PET) is one of the most widely used Nuclear Medicine techniques in Radiodiagnosis for the obtention of in vivo images of the biochemical processes in the human body. It is a non-invasive technique used to evaluate the functioning of organs and tissues through the administration of radiopharmaceuticals. The main drawback of this technique is the difficulty to obtain the radionuclides used for labelling the substance injected into the patient to carry out the procedure. Therefore, many medical centres have opted for the use of modular cyclotrons in their facilities to obtain the necessary radionuclides, and that gives them more flexibility to plan the diagnostic processes.
Access to commercial cyclotrons has opened different research fields, and the main studies focus on radiological protection in medical centres, oriented towards both patients and workers [1] , and studies related to obtaining radionuclides with better characteristics than those traditionally considered [2] [3] [4] .
Isotopes such as 11 C or 15 O have been typically used, since these elements are naturally found in biological molecules and stable nuclides can be easily replaced by radioactive isotopes. However, the interest in the use of new radioisotopes has increased in recent times, especially those of the metal family, such as 68 Ga, 61 Cu or 64 Cu, since they may have better properties concerning half-life, the decay chain or the dose provided to the patient.
Consequently, the need to conduct a study on obtaining non-conventional radionuclides for application as radiopharmaceuticals in PET has been identified [2, 3] . This study is conducted using a model developed in MCNP6 of a cyclotron of commercial characteristics to simulate different reactions. Thus, there will be a tool available to simulate the production of different radioisotopes depending on the target used and the operating conditions.
Theory

Radiopharmaceuticals
Radiopharmaceuticals are biological molecules with a radioisotope attached to their structure. These radioactive drugs can be used as diagnostic and therapeutic agents.
They are therefore a combination of a radioactive molecule, a radionuclide that allows external detection, and a biologically active molecule or drug that acts as a carrier and determines localization and biodistribution. In the case of PET, the radionuclide acts as a tracer that allows obtaining an image of the concentration in the metabolism. Depending on the molecule chosen, a metabolic pathway is identified within the organism, since the radionuclide does not affect the chemical characteristics of the molecule.
The radionuclides used for radiopharmaceuticals in PET must meet several criteria, the most important being: β + decay of low energies, short half-lives and low half-life for biological elimination.
The radioisotopes traditionally used are 18 F, 11 C, 13 N and 15 O. Atoms of C, N, and O are present in all biomolecules and this facilitates the replacement of stable isotopes by radioactive ones, obtaining identical compounds labelled with radionuclides. In the case of fluorine, binding to a molecule causes a metabolic block that facilitates the diagnostic study. In addition, all of them have very low half-lives, allowing for a reduction of the patient's exposure.
In recent years, the use of other radionuclides for PET applications has been researched. Inorganic materials, metals in particular, have proven to have good chemical and nuclear properties for this use. Some examples are 68 Ga, 61 Cu and 64 Cu [5, 6] . 68 Ga is an isotope used in radiodiagnosis techniques; it decays by positron emission (89%) with an energy of 1.9 MeV and electronic capture (11%) to 68 Zn, a stable isotope. Therefore, it meets the necessary requirements for its use in PET: emission of positrons with not very high energy and disintegration into a stable isotope. Traditionally 68 Ga is produced by 68 Ge/ 68 Ga generators, since they can routinely provide radionuclides without relying on an accelerator or nuclear reactor [7] . In addition, the use of a cyclotron for 68 Ga production involves purification issues due to the use of solid targets [2] .
Copper is an element widely used in Nuclear Medicine. Copper isotopes such as 61 Cu and 64 Cu are used in radiodiagnosis and in therapy because of their disintegration properties. 61 Cu decays by positron emission (60%) with an energy of 1.159 MeV to 61 Ni, and it is used in radiodiagnosis. 64 Cu decays by positron emission (19%) with an energy of 0.657 MeV. Although the energy is low, the 64 Cu is suitable for both radiodiagnosis and therapy. These radionuclides are not found in nature, or at least not in a sufficiently concentrated form. Therefore, their production must go through different systems: generators, cyclotrons or nuclear reactors.
Cyclotron
The cyclotron is a type of charged particle accelerator used to produce radionuclides needed in Nuclear Medicine, as well as for other research or technological applications. Cyclotrons contain different components to generate constant or variable magnetic fields and electric fields, which accelerate particles to make them collide with the target [8].
The target consists of a set of systems and windows that optimize the trajectory of the beam and facilitate the collision. Therefore, protons or other particles to be accelerated must cross several layers before reaching the material where reactions take place. A correct selection of materials is very important, since they can have physical and chemical effects on the process of obtaining radionuclides.
The materials commonly used are niobium, as the material in contact with the target because it is a metal with low crosssection capture for protons and thermal neutrons, and Havar, as exterior window. Havar is an alloy of cobalt (41-44%), chromium (19-21%), nickel (12-14%), tungsten (2.3-3.3%), molybdenum (2-2.8%), manganese (0.17-0.23%), carbon (1.35-1.8%), beryllium (0.02-0.08%), and balance of iron. Its melting point is about 1480 °C and it has great resistance to high temperatures.
The target material should be selected according to the radionuclide to be obtained. A liquid target will be considered in this study. It will be a dissolution actually.
Activity calculation
The cyclotron model developed in MCNP6 calculates the number of reactions per particle emitted per unit volume, also known as the interaction rate Q (reactions/cm 3 s). It is obtained with Eq. (1).
where Φ is the flow of protons (protons/cm 2 s) and Σ is the macroscopic cross section (cm −1 ) for the reaction considered. This equation can be rewritten as Eq. (2) based on the microscopic cross section.
where C is the atomic density (atoms/barn cm); and σ is the corresponding microscopic cross-section (barn/atom).
A material balance can be done such that the radionuclide variation equals the gain (Q) minus the decay losses, resulting in Eq. (3).
where Y is the concentration of radionuclides at time t and λ is the constant of radioactive decay. By integrating the above equation for a time t, Eq. (4) can be written to obtain the concentration Y(t).
where t i is the irradiation time and t e the cooling time. From Eq. (4), it is possible to obtain the activity using Eq. (5) as a function of the interaction rate (Q), the volume of the sample (V), the irradiation time and the cooling time.
Monte Carlo simulation
The Monte Carlo method is an analysis methodology currently used in the field of Nuclear Engineering, since it allows simulating all types of systems and knowing their behaviour without the need for actual experiments. The simulation by Monte Carlo has been carried out with the code MCNP6, developed in the National Laboratory of Los Alamos (LANL) [9] . The MCNP6 allows creating a model and individually simulating the behaviour of particles, from their creation until their disappearance. The events experienced by each particle are random but related to the effective cross sections given by the libraries of the code.
To reproduce the behaviour of the cyclotron during the production of radionuclides, a target model has been prepared considering the dissolution, and the Havar and Niobium windows, since they have geometries that can interfere with the particle trajectory. The dimensions of each component have been adapted according to the technical specifications of commercial cyclotrons.
Two windows, Havar and Niobium respectively, each one with a thickness of 35 µm, were used for the base case. Simulations were carried out by changing the thickness of the Niobium window to study its influence on the final activity. The target material was modelled as a cylinder whose composition is a solution of nitric acid with different materials, depending on the radionuclide to be produced in the irradiation. Figure 1 shows the geometry of the target modelled in MCNP6.
A monoenergetic and unidirectional proton point source with an energy of 18 MeV was used, as it is the distribution most similar to the operation of the cyclotron.
The simulation allows obtaining, through a Tally F4, the flow of particles in the target, and using a multiplier card with atomic density and cross-section, the interaction rate and, consequently, the number of nuclei produced. The number of histories simulated was set at 10 6 to improve statistics, although results are obtained per particle emitted, as always in MCNP simulations.
Cross-sections of reactions between protons and target materials for the range between 1 and 200 MeV, have been extracted from the TENDL_2017 database [10] and included in the cross-section database of MCNP6.
Results and discussion
Production of 68 Ga
The simulation of the 68 Ga production in a cyclotron was carried out using a liquid target [4, 8, 11] of 68 Zn dissolved in nitric acid. The amount of 68 Zn used was 100 mg and (6) is the simulated reaction.
The 68 Ga activity obtained after an irradiation time of 1 h and a beam intensity of 50 μA, was 10,050 MBq at the moment of the beam stop (EOB). The sample activity decreased rapidly after the end of the irradiation due to its short half-life (68 min), reaching a reduction of more than 70% in a period of 2 h.
The calculation of the 68 Ga production was performed for different geometric configurations of the target, to verify the effect of the Niobium window on the production. Results are shown in Table 1 , where it can be seen that the final activity of the target decreases when increasing the Niobium window thickness and it may be even 50% lower in some cases. This is due to the high stopping power of protons in Niobium, since if (6) 68 Zn(p, n) 68 Ga the distance travelled by protons increases, the loss of energy will increase too.
Production of 61 Cu
In the case of 61 Cu, a liquid sample of 100 mg of 64 Zn dissolved in nitric acid was the target where the reaction (7) took place.
After an irradiation of 1 h with a beam intensity of 50 μA, a 61 Cu activity of 1007 MBq was obtained at the time of beam stop (EOB). The sample activity will decrease more slowly during the cooling time than in the case of 68 Ga, due to the higher half-life (3.37 h) of 61 Cu.
Production of 64 Cu
The production of 64 Cu using the cyclotron can be achieved through different reactions. For the simulation performed, the reaction (8) was chosen.
The target, again a liquid one, was a solution of 100 mg of 64 Ni in nitric acid. An activity of 985.75 MBq was obtained after irradiation of 1 h and 50 μA. In this case, the sample activity decreased even more slowly than for 61 Cu due to the higher half-life (12.7 h) of 64 Cu. Results passed statistical checks of MCNP6, which include a relative error less than 10%.
Experimental results
Results obtained by simulation with MCNP6 were compared with experimental results extracted from the work of F. Alves [2] . To compare the activity of 68 Ga after irradiating a dissolution of 68 Zn, the geometrical and operating conditions were reproduced.
The windows thickness of Havar and Niobium was set to 35 μm each and the target material was a dissolution of 100 mg of 68 Zn in nitric acid. The activity was calculated for 45 min with a beam intensity of 45 μA. Figure 2 shows the comparison of experimental and simulation results. The activity obtained through the simulation was 5454.97 MBq, while the activity after an experimental irradiation was 6000.00 MBq. These results are very similar and the discrepancy is lower than 10%. Conclusions A commercial cyclotron model has been developed using MCNP6 and it allows simulating the behaviour under different operating conditions, taking into account the geometry of the target, the material, the energy and the intensity of the irradiation.
The model has been used for the simulation of reactions to produce 68 Ga, 64 Cu and 61 Cu, and the activity of these radioisotopes after different periods of irradiation has been obtained.
The validation of the model has been done for 68 Ga, but the model is also valid for the rest of radionuclides produced using the cyclotron.
This simulation eliminates the need to conduct many experimental tests, as it allows knowing the behaviour of the targets and the activity that would be obtained with a maximum deviation of 10% over the experimental results. It is also possible to optimize the irradiation processes, changing the energy of the beam or the irradiation time, to increase the activity to be obtained.
